Elements of a best practices approach to induced seismicity in geologic storage  by Myer, Larry R. & Daley, Thomas M.
Available online at www.sciencedirect.com
   
 
Energy  Procedia  00 (2010) 000–000 
 
Energy 
Procedia 
 
www.elsevier.com/locate/XXX
 
GHGT-10 
Elements of a best practices approach to induced seismicity in geologic storage 
Larry R. Myera* and Thomas M. Daleya 
aLawrence Berkeley National Laboratory, One Cyclotron Road, Berkeley, CA  94720, USA 
Elsevier use only: Received date here; revised date here; accepted date here 
Abstract 
As sequestration projects become larger, a framework for addressing potential induced seismicity will become 
necessary. We have drawn heavily on work done in the geothermal research community as a basis for a best 
practices approach for geologic storage.  The seven step approach involves documentation of the historical natural 
seismicity, assessment of the potential for induced seismicity, and recommended steps for mitigation of the risk of 
the induced seismicity.  The approach recognizes the importance of addressing the human element in addition to 
technical issues. The proposed approach is being applied in a sequestration field pilot in California. 
© 2010 Elsevier Ltd. All rights reserved 
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1. Introduction 
During the process of injection at a CO2 storage site, in-situ stresses will be modified by pore pressure increases, 
creating a potential for seismic events due to slippage upon pre-existing discontinuities or due to creation of new 
fractures. Observations from many injection projects have shown that the vast majority of these events do not 
release enough energy to be felt by people on the surface, and in fact the energy from these events can be used for 
monitoring of processes in the reservoir. Typically, the events are of relatively high frequency and very low 
amplitude.  However, there are also well documented (non-CCS-related) cases in which subsurface injection 
operations have resulted in ground motion felt by near-by communities.  These events have raised considerable 
concerns among the public.   
Because of the active tectonics in California, and of the San Andreas Fault system in particular, induced 
seismicity and, more importantly, its subset of triggered seismicity, is an important issue within many communities. 
In the course of considering the approach to take for a pilot project proposed by the West Coast Regional Carbon 
Sequestration Partnership (WESTCARB), we drew heavily on work done in the geothermal research community. In 
particular, the protocol for induced seismicity developed for the IEA by [1] Majer et al (2008) proved to be directly 
applicable, and was the basis for the approach presented in this paper. 
2. Background of Induced Seismicity in CO2 Sequestration 
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Induced seismicity has long been recognized as a part of human activities such as oil and gas production, dam 
building, geothermal energy production, mining and quarrying and underground gas storage.  The study of induced 
seismicity has been ongoing for over 50 years with two main drivers, 1) the risk, damage and public concern caused 
by ground motion and 2) the potential to monitor subsurface processes via the induced seismicity. A useful 
introductory bibliography to induced seismicity publications is available at the following web site:  
http://www.darlenecypser.com/induceq/induceq.html 
One important distinction that can be made is between ‘triggered’ seismicity (those events that would have occurred 
naturally at some point in the future, but were triggered by human activity) and true ‘induced’ seismicity (those 
events entirely caused by human activity. Natural and induced seismicity may treated separately from a technical 
viewpoint.  While triggered seismicity will be more an issue of public concern in areas with natural seismicity, there 
still may be risk in areas without recent natural seismicity. 
The monitoring of induced seismicity has seen an increase in technical interest in recent years in the natural gas 
production industry where the monitoring of seismicity induced by hydraulic fracturing has been shown to be a very 
useful tool for reservoir management (e.g. [2] Maxwell and Deere, 2010).  While the properties of water and CO2 
are quite different, recent work by [3] Verdon et al, 2010a has shown that both have similar potential to induce 
seismicity during injection. Therefore the growing knowledge base in the natural gas industry has potential 
application to sequestration projects. 
As CO2 sequestration pilots have come on-line in recent years, the potential for induced seismicity has been 
considered, both as a potential hazard ([4] Sminchak and Guptam, 2001; [5] Lucier et al, 2006) and as a useful 
monitoring tool ([6] Daugherty and Urbancic, 2009, [7] Zhou et al, 2010).  Of the three large scale industrial tests 
currently operating, Sleipner, Weyburn and InSalah, two are conducting microseismic monitoring as part of their 
program (Weyburn and InSalah).   At Weyburn, [8] Verdon et al, 2010b, show five years of passive monitoring that 
correlate with both oil production activity and CO2 injection rates, albeit with seismicity rates that are low (less than 
one event per day) and small seismic amplitudes (moment magnitude less than -2.0 for most events).  At InSalah, 
the microseismic monitoring program has recently begun with initial data being analyzed [9] Mathieson et al, 2010.  
At the Otway project in Australia, microseismic monitoring indicates a low level of seismicity (typically less than 5 
events per day) with magnitudes of less than 0, and no clear correlation with injection pressure history [10] Daley et 
al, 2009; [11] Siggins and Daley, 2010.  In a EOR/sequestration test at the Aneth field in the USA ([7] Zhou et al, 
2010; [12] Rutledge, 2009), monitoring for over 1 year found events correlated with fracture zones on opposite 
flanks of the reservoir and not with CO2 injection activity.   
The impact of induced seismicity on geologic sequestration of CO2 became a direct activity of WESTCARB in 
2008 when studies began on a potential sequestration site in Northern California.  This site, known as Montezuma 
Hills, in Solano County, is on the eastern edge of the San Francisco Bay Area.   
 
3. Elements of Best Practices Approach 
The risks of induced seismicity should be assessed for all geologic storage projects as part of overall project risk 
assessment. Risk assessments need to be carried out in order to evaluate the likelihood and severity of all the risks 
associated with the project.  An effective risk assessment will yield a ranking of risks which can then be linked to 
specific risk reduction actions as part of the overall project risk management plan. Incorporating induced seismicity 
into the risk assessment assures that the associated risks are prioritized for the particular site and integrated into the 
overall risk management plan.    
The proposed best practices framework is intended to augment project risk assessments. We present information 
on the data and analyses that are relevant in assessing the potential for induced seismicity, and methods and 
approaches for monitoring and mitigation of events. The level of effort expended on induced seismicity at any 
particular site will be determined by the assessment of this risk in conjunction with the other risks associated with 
the site. 
 The risks of induced seismicity can be addressed from a technical perspective through a combination of site 
characterization, engineering design, operational procedures, and monitoring. However, the human element must 
also be addressed and is therefore an important part of the best practices approach.  
The elements of a best practices approach for induced seismicity are: 
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1. Review existing regulations and establish dialogue with regional authorities.  
2. Assess natural seismic hazard potential 
3. Assess induced seismicity potential 
4. Educate stakeholders 
5. Decide whether to establish a microseismic monitoring network 
6. Interact with stakeholders 
7. Implement procedures for response to events.  
 
Review existing regulations and establish dialogue with regional and local authorities 
 
A thorough study and evaluation of applicable laws and governing regulations that may affect the project should 
be carried out. It is important to ascertain if there are any specific regulations pertaining to allowable seismicity for 
any kind of subsurface injection or extraction activity such as oil and gas exploration and production, natural gas 
storage, deep waste injection, or geothermal energy production. The induced seismicity risk that concerns people is 
that an event will cause damage or harm.  From a technical perspective, this translates into the risk of ground motion 
that will cause damage or harm. Therefore, examples of not-so-obvious, but relevant, regulations are those on 
maximum allowable ground motion from quarry operations, construction, or road building. 
 
Assess natural seismic hazard potential 
 
Active faults in the region and the seismic hazard potential associated with these faults needs to be evaluated. An 
area of seismic review centered on the proposed storage site should be established.  This area should be larger than 
the maximum extent of significant subsurface pore pressure increase which could result from CO2 injection.  Within 
that area, data on the earthquake history should be assembled, including frequency, magnitude, location (including 
depth), and source mechanism.  Active faults, usually considered to be those which have experienced movement 
since the Quaternary, should be identified and mapped.  Their three dimensional geometry becomes an important 
element of the geologic model developed for the site characterization phase of a project. Available data on the in-
situ stress field should be assembled.  Using this data and the information on fault geometry, an analysis should be 
performed to determine if, or what, portions of the active faults are “critically stressed”, meaning favorably oriented 
for slip relative to the in-situ stress directions. An example of this type of assessment is shown in Figure 1a and b, 
for the WESTCARB Montezuma Hills site Myer et al, 2010 [13]. 
 The seismic hazard potential associated with the active faults in the region should be established. In the United 
States, this information has been assembled on a regional basis by the United States Geologic Survey (USGS). This 
forms a basis for comparison of natural seismic hazard with the hazard potential from induced seismicity.  The 
seismic hazard can be expressed in terms of probabilistic earthquake ground shaking, and a formal methodology 
used to calculate potential seismic shaking is Probabilistic Seismic Hazard Analysis (PSHA) [14] Cornell, 1968.  
The United State Geologic Survey has used PSHA to develop seismic hazard maps for the whole of the United 
States, which have been used as the basis for building codes for earthquake resistant construction throughout the 
Country. The maps give the level of ground motion (in % g) which has a percentage chance of being exceeded over 
a period of time, eg, a 2% chance of being exceeded in 50 years, which is the same as the level of ground motion 
with about a 2500 year average repeat time. Since regional assessments have been carried out at a large scale, if 
active faults are within the seismic review area for a project, it may be appropriate to perform the PSHA using data 
specific to the area of review. The natural seismic hazard potential provides a basis for comparison with any induced 
seismic hazard potential associated with the project.    
Pore pressure-induced slip on inactive faults and fractures is a potential source of induced seismicity, so a 
description of general fault and fracture network geometry in the area of seismic review should be undertaken.  
Understanding of subsurface structure will evolve as projects develop.  In the early stage of site characterization, 
this data will be derived from existing data sources such as wells in the area and existing seismic surveys.  
Finally, the operator should seek out data on induced seismicity from any other fluid injection or extraction 
projects in the seismic review area.  The ideal data set is one from a micro-seismic network established for the 
project.  Otherwise, records from established regional seismic networks can be reviewed to determine if there may 
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be a correlation between the history of injection and the depth, magnitude or recurrence of earthquakes in the 
vicinity of the project. 
    
Figure 1a. Faults and maximum horizontal stress direction near the proposed injection well. The circle in the lower 
right corner shows the mean SHmax direction (red), and the optimal directions for fault movement for strike slip 
(SS,green) and reverse faults (RF,blue).. Comparison of the SS and RF directions with the fault traces suggests 
that segments of the active Kirby Hills fault are oriented in directions most favorable for movement, though the 
level of confidence in this conclusion is low due to scarcity of in-situ stress data. 
Figure 1b. A sampling of the natural seismicity near the small-scale injection project site. Red dots correspond to 
locations from the NETworked Data Center (NETDC) catalogue. Blue triangles are the location of the seismic 
recording stations. Green square is location of the proposed well, yellow diamond is a near-by natural gas 
storage facility. 
 
 
Assess induced seismicity potential. 
 
  Microseismic events can be generated by intentional fracturing of the rock, but this should not be a significant 
source of induced seismicity in geologic storage projects because injection pressures likely will be kept below 
fracture pressure by regulation. The greatest risk for induced seismicity in geologic storage will likely arise from slip 
on pre-existing faults and fractures where the slip occurs due to changes in the in-situ effective stresses bought about 
by injection activities.  The main cause of changes in the in-situ effective stress field is pore pressure increase due to 
injection, but changes in mass loading may also contribute.  
Having developed the geologic model for the area of seismic review, the steps involved in an assessment of the 
induced seismicity potential are: assess the potential for slip; assess the maximum magnitude of the slip; and assess 
the hazard associated with the slip.  A geomechanical model, combining the information from the tectonic geologic 
model with a reservoir model, should be developed.  Geomechanical simulations predict the build-up of stress on 
faults and fractures, from which the potential for slip, and the area of that slip, can be evaluated. Estimates of the 
maximum probable event can be made by using one of the numerous scaling relationships for the magnitude of an 
earthquake versus the area of slip (e.g., [15] Shaw, 2009; [16] Kanamori, 1977).  The last step is to determine the 
ground shaking that might occur in response to the event, since it is ground shaking and not earthquake magnitude, 
which constitutes the hazard. The magnitude of ground shaking does depend on the earthquake magnitude, but it 
also depends on the depth of the event and the properties of the surface sediments [17] Bolt, 1978.  Results of this 
effort should be incorporated into the project risk assessment in order to establish and prioritize risk mitigation 
measures.  
Use of the maximum probable event as a basis for assessing the seismic hazard is a very conservative approach. 
For example, at the Solano County site discussed above, a pressure increase of less than 0.08 MPa (12 psi), 
corresponding to less than 0.2% of the hydrostatic pore pressure, was predicted on the closest active fault. In 
addition this pressure increase would be located several kilometers above the depth at which most of the natural 
earthquakes occur. Because the fault is active, and critically stressed, it must be assumed that any pressure increase 
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over any portion of the fault plane could theoretically trigger the maximum probable event for that fault. While 
theoretically possible, this approach appears overly conservative.   
An alternative approach is to include information on earthquake recurrence intervals in the analysis, as is done in 
PSHA.  It is well accepted for natural events that, over time, many more small earthquakes occur than large ones, 
and this is taken into account in the PSHA.  Thus, the ground shaking from a large earthquake may be large, but, 
depending on recurrence intervals, the probability that this will occur in a 50 year time frame may be low.  PSHA 
analyses have not yet been applied to assess the hazard of induced seismic events, but should be investigated as an 
alternative to use of the maximum probable event.  
It is notable that induced events may, or may not, follow the recurrence intervals (and other attributes) of natural 
events. Therefore the assessment of induced seismicity potential, via PSHA or other methods, is in need of research 
and consensus. 
  
Educate stakeholders 
 
Once the initial assessments are complete, pubic outreach should begin. Discussion of induced seismicity, what it 
is, what causes it, the difference between induced seismicity and natural earthquakes, and the risks of induced 
seismicity, should be incorporated into the overall project public outreach program.  The amount of attention paid to 
the topic will vary depending on the results of the risk assessment and level of community interest in the subject. 
The importance of outreach can not be over emphasized, and the level of effort and resources should not be under 
estimated. Assumptions about community interest and opinions should not be made; rather, data should be collected 
and analyzed on the social characteristics of a community as the first step in an outreach program. 
. 
Decide whether to establish a microseismic monitoring network. 
   
If the hazard potential is found sufficient, it is important to acquire site specific data before injection via a 
microseismic monitoring network (typically a minimum of 3-5 stations). If possible, the network should be linked 
with any regional network containing stations in the immediate vicinity. Sufficient stations should be present to 
allow accurate determination of the size and location of events up to the probable largest magnitude for the site area. 
The site area can include the region of increased pore pressure which extends beyond the CO2 plume boundary.  The 
level of pore pressure increase which defines the site area is a local determination. The risk assessment will further 
inform decisions on network design.  Since regional networks are often insensitive to small events, an adequate 
background period of seismic monitoring should be carried out, typically at least six months to a year before 
injection begins, with a detection threshold of magnitude 1.0 or less, to better characterize background natural 
seismicity.  If a monitoring network is established, the real-time monitoring of events can be made public as a 
measure of transparency, for example as a web page linked to the project. 
 
Interact with stakeholders.  
  
Results of the local monitoring should be made available to the public in as close to real time as feasible. A 
formal procedure for handling complaints about seismic activity at the site should be instituted, including a level of 
involvement by local public officials.  
  
Implement procedures for response to events 
.  
Working in consultation with regulators and other regional authorities, a procedure should be established for 
action by the operator in response to events of varying magnitude. Actions will vary, depending on the magnitude of 
the event, and should be informed by results of the risk assessment. From a practical perspective, earthquake 
magnitude may be used as a measure for establishing thresholds for action, though, as discussed above, ground 
motion is the true measure of seismic hazard. If thresholds are set based upon earthquake magnitude, there should be 
an understanding of the expected level of ground motion associated with that magnitude. .Thresholds may be set for 
different levels of action. For example, events with magnitudes < 2 may require no action by the operator. At larger 
magnitudes, for example 4+, it may be necessary to suspend injection for some limited time until the source of the 
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event is determined.    If detectable motion is possible in areas of cultural development, vibration monitoring of 
structures may be considered. Actions taken if an event is determined to be a natural earthquake not located within 
the site area will differ from those taken if the event is found to be located within the reservoir. 
4. Summary 
Induced seismicity is recognized as a potential issue affecting geologic sequestration of CO2, both as a hazard 
and as a reservoir monitoring tool.  Regarding the potential hazard, there is a significant technical knowledge base 
regarding seismicity induced from human activities.  In particular, recent activities in geothermal energy production 
have led to a protocol for dealing with induced seismicity.  We have taken this work and developed a best practices 
approach to induced seismicity for geologic sequestration projects.  The main elements of the approach are: 1) 
Review existing regulations and establish dialogue with regional authorities; 2) Assess natural seismic hazard 
potential; 3) Assess induced seismicity potential; 4) Educate stakeholders; 5) Decide whether to establish a 
microseismic monitoring network; 6) Interact with stakeholders; 7) Implement procedures for response to events.  
We believe it is important for sequestration projects to develop a uniform approach to the induced seismicity hazard.  
Additional research will be needed to improve our understanding and estimation of the induced seismicity hazard at 
any individual site. 
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